Experiments were performed t o explore whether adhesion differences among different density sickle (SS) cells are mainly caused by deformability characteristics attendant t o density variations, which could affect their surface contacts with the endothelium, or caused by any changes in their membrane surface (eg, receptors). Also, what is the contribution of morphologic attributes of SS cells in adhesive and obstructive events? To resolve these issues, controlled modifications of cell density were performed using Nystatin and sucrose. This allowed elevation of the mean corpuscular hemoglobin concentration (MCHC) of light-density SS2 discocytes to that of SS4 native dense cells, as well as its normalization in both native and artificially dehydrated cells. Hemodynamic and adhesive characteristics of these individual SS cell populations and their defined mixtures were investigated in the ex vivo mesocecum vasculature. Dehydrated (high MCHC) SS2 discocytes, alone or with SS2 control cells, caused a higher peripheral resistance but no persistent microvascular blockage. Nevertheless, dehydrated SS2 discocytes resulted in a significantly decreased adhesion in venules (adhesion sites). Rehydration of these high MCHC discocytes completely restored their adhesivity, N ADDITION TO abnormal rheologic properties, sickle (SS) red blood cells (RBCs) show an increased adhesion to the vascular endothelium. SS cell-endothelial interaction has been suggested to play a potential role in the initiation of sickle cell vasoocclusion. Hebbel et all,' first showed an increased interaction of SS RBCs to endothelial monolayers in culture conditions. These observations have been confirmed by several investigators in both static and flow systems using cultured endothelial cells from human and other mammalian s o~r c e s .~~' Using an ex vivo microvasculature, we have shown that SS cells adhere exclusively to the venular endothelium under conditions of flow, and that adhesion is inversely correlated with the venular diameter.'
N ADDITION TO abnormal rheologic properties, sickle (SS) red blood cells (RBCs) show an increased adhesion to the vascular endothelium. SS cell-endothelial interaction has been suggested to play a potential role in the initiation of sickle cell vasoocclusion. Hebbel et all,' first showed an increased interaction of SS RBCs to endothelial monolayers in culture conditions. These observations have been confirmed by several investigators in both static and flow systems using cultured endothelial cells from human and other mammalian s o~r c e s .~~' Using an ex vivo microvasculature, we have shown that SS cells adhere exclusively to the venular endothelium under conditions of flow, and that adhesion is inversely correlated with the venular diameter. ' Because SS blood contains heterogenous RBC density classes,'""* it has been of considerable interest to understand their contribution to adhesive and obstructive events, as well as to define the mechanisms involved. In some previous studies, where cultured endothelial cells were used in a static system, dehydrated dense SS cells with high mean corpuscular hemoglobin concentration (MCHC) were found to be similar to that of SS2 control cells. In contrast, irreversibly sickled cell (ISC)-rich SS4 dense cell class (dense discocytes and 66% t o 72% ISCs) was less adherent than dehydrated SS2 discocytes, but caused a persistent blockage of small diameter postcapillary venules when infused with SS2 control or dehydrated discocytes. In the areas of adhesion, SS4 dense discocytes outnumbered lSCs by 4 t o 1, demonstrating that ISCs, because of their shape characteristics, are minimally adherent but play a distinct role in postcapillary obstruction. When MCHC (density) of SS4 cells was decreased by rehydration, it resulted in an almost complete reversal of their hemodynamic and adhesive behavior, confirming a profound influence of cell density. These findings demonstrate for the first time that, under shear flow, adhesion of different density SS cells to the endothelium is dependent on the inverse of cell density rather than any changes in their adhesion potential. Finally, the trapping of ISC-rich native dense cells, but not of dehydrated discocytes, in the areas of adhesion shows a distinct contribution of ISC in adhesion-initiated vasoocclusion.
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more adherent than light-density cell^.'"'^ In contrast, in a shear flow system, Barabino et al' showed that light-density SS cells adhered more avidly to endothelial monolayers than irreversibly sickle cell (1SC)-rich dense SS population. Mohandas and Evans4 also showed minimal adherence of ISC to the endothelium and found irregular-shaped deformable SS discocytes cells to be most adherent. Our previous studies have shown that, under conditions of microvascular flow, adhesion of SS cells is indeed density-class dependent.' Light-density, deformable sickle cells adhere preferentially in postcapillary venules, which results in a narrowing of the vessel and decrease in RBC velocities and wall shear rates. This is followed by selective trapping of least-adherent, rigid dense SS cells in the areas of adhesion, which could cause vessel obstruction. 9,'5 One unresolved issue of pathophysiologic importance is whether adhesion differences among SS cell density classes are determined by differences in cell deformability attendant to density variations, which could affect their surface contacts with the endothelium during shear flow condition^,'^^ or caused by differences in the membrane surface (eg, adhesion receptors), with the deformability playing a secondary role. Also, because sickle blood contains high MCHC populations of dense discocytes and ISCs," it is important to dissect relative contributions of cell density (MCHC) and morphologic features of SS erythrocytes in their adhesive and obstructive behavior. The present studies were designed to resolve these issues using controlled modifications of MCHC of light-density discocytes (the predominant component of' SS blood) and dense SS cells by Nystatin-sucrose procedure. This allowed elevation of MCHC level of SS discocytes to that of the native dense cells, as well as its normalization in both native and artificially dehydrated SS cells. Hemodynamic and adhesive characteristics of density-altered SS cells were investigated in the ex vivo mesocecum vasculature. 
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The results show a highly significant relationship between density characteristics of a given S S cell population and its adhesive behavior, and indicate that the greatly decreased adhesion of dense S S cells is mainly determined by their high MCHC and morphologic abnormalities rather than by a Iack of adhesion potential of these cells. Finally, the results provide evidence for a distinct requirement of ISCs in adhesion-initiated vasoocclusion.
MATERIALS AND METHODS

Preparation of Cells
Heparinized blood was obtained with informed consent from normal adults (n = 2) and from sickle cell anemia patients (n = 5 ) who were not in crisis and had not received blood transfusion in the preceding 4 months.
Blood was separated into sickle discocyte (SS2) and dense cell (SS4) fractions using Larax (ultrarefined arabinogalactan; Consulting Associate, Inc, Tacoma, WA) density gradients. A discontinuous gradient was prepared by layering Larex solutions of three different densities (ie, 1.09 1, 1.106, and 1.118 g/mL) atop a dense stock cushion with a density of 1.170 g/dL, as de~cribed.'~.'~ Using these densities, SS blood was separated into four distinct fractions. Fraction 2 (SS2) cells with a density between 1.091 and 1.106 were characterized by their discocytic morphology, whereas the bottom fraction (SS4) with a density between 1.1 18 and 1.170 g/mL was characterized by the presence of mainly ISC (66% to 72%) and a small percentage of non-ISC population (dense discocytes and spherocytic deformed cells). MCHC was determined using handspun hematocrit (Hct) and Darbkin's reagent. Sickle cell density fractions were washed three times in 0.9% NaCl to remove the gradient mixture.
In a series of experiments, SS2 discocytes were subjected to controlled dehydration using Nystatin-sucrose procedure. Nystatin causes a reversible leak of Na and K and allows equilibration of these cations across the cell membrane to a desired intracellular cation content, whereas the presence of impermeable sucrose in the external medium allows the cell to lose water.'* This procedure enables the perfusion of the ex vivo vasculature with artificially dehydrated RBCs suspended in an isotonic medium. For controlled dehydration, SS2 discocytes were washed once in phosphate-buffered saline (PBS; 137 mmoUL NaCl, 2.7 m o V L KCl, 8.1 mmol/ L Na2HPO4, 1.5 mmoVL KH,P04, pH 7.4), followed by a wash in the equilibrating medium, and finally resuspended (Hct, 5%) in an identical medium containing sucrose and chilled (4°C). Both low-K and high-K equilibrating media were used. Low-K PBS had the same composition as described above. High-K PBS had the following composition: 10 mmoVL NaCI, 120 mmoVL KCI, IO mmol/L KH2P0,. In each case, medium osmolarity was adjusted to 600 mOsm/kg by adding sucrose. Nystatin was dissolved in methanol at a concentration of 30 mg/mL, and 6 pL of Nystatin solution was then added for each milliliter of the chilled PBS-sucrose solution to achieve a final Nystatin concentration of 30 pg/mL. The suspensions were incubated for 20 minutes at 4°C. This was followed by three quick washes in warm (35°C to 37°C) equilibrating medium of identical composition containing 0.5% bovine albumin to remove Nystatin and restore the permeability to normal. The RBCs were finally suspended in bicarbonate Ringer-albumin solution ( 1 18 mmoVL NaCl, 5 mmoVL KCI, 2.5 mmoVL CaCl,, 0.64 m o l & MgClz, 27 mmom NaHC03 plus 0.5% bovine albumin) equilibrated with 94.4% 0, and 5.6% CO2 (pH 7.4; osmolarity, 295 mOsm/kg). In each case, Hct was adjusted to 30% for hemodynamic studies. Pilot studies showed that MCHC was elevated to the same level (44 to 47 g/dL), irrespective of the equilibrating medium (low-K or high-K), with similar hemodynamic results. In most studies reported here, isotonic low-K PBS was used for Nystatin-sucrose induced cellular dehydration. Control SS2 discocytes were similarly incubated in PBS at 4°C without Nystatin and sucrose.
In selected experiments, rehydration of dehydrated high MCHC discocytes and SS4 native dense cells was performed using Nystatin procedure. Briefly, the cells were washed in high-K suspending PBS containing 40 mmom of sucrose (osmolarity, 300 to 305 mOsm) and then subjected to Nystatin treatment as above in the same medium to restore their MCHC to normal levels. Because the main focus of these studies was on MCHC manipulation of SS cells, cation composition was not determined, but the use of high-K medium should restore the intracellular cation (Na and K) content approximately to the control level, as described p r e v i o~s l y . '~.~~ Control cells (SS2 and SS4) were similarly incubated without Nystatin. Final suspensions of control and rehydrated cells were made in oxygenated isotonic bicarbonate Ringer-albumin solution as described above.
Cellular dehydrationhehydration was confirmed by MCHC measurements immediately after the Nystatin procedure. No significant changes in MCHC levels of dehydrated celIs suspended in Ringeralbumin solution were detected up to 2 to 3 hours post-Nystatin procedure. This period was sufficient to perform the various hemodynamic and adhesion experiments reported here.
Selective fluorescent-labeling was used to identify a given cell class in a mixture. Fluorescein isothiocyanate (FITC) was dissolved at pH 9.0 in PBS (137 mmoVL NaCI, 2.7 mmol/L KCI, 8.1 mmol/ L Na2HP04, 1.5 mmom KH2PO4, pH adjusted with 0.15 rnmollL NaOH; osmolarity, 285 mOsm) at a concentration of 2 mglmL. Next, 5 mL of this solution was added to 0.5 mL of packed cells from a given cell population. The mixture was incubated for 1 hour at 24T, using gentle agitation every 5 to 10 minutes to achieve uniform labeling of RBCs, as de~cribed.~ The labeled RBCs were washed four times with PBS (pH 7.4) and once in oxygenated bicarbonate Ringer-albumin solution, and finally suspended in Ringer-albumin solution. The labeling procedure has no significant effect on the density distribution of the labeled cells as compared with their unlabeled counterparts.'
Preparation and Perfusion of Rat Mesocecum Vasculature
Perfusion studies were performed in the isolated, acutely denervated, and artificially perfused rat mesocecum vasculature (n = 24) according to the method of Baez et al" as modified by Kaul et al'2.2z for the infusion of erythrocytes. Details of the procedure have been described elsewhere." Briefly, the mesocecum vasculature was isolated by cannulating the ilio-colic artery and the vein. Arterial perfusion pressure was rendered pulsatile with a peristaltic pump. Venous outflow pressure was kept at 3.8 mm Hg, and the venous outflow rate was monitored with a photoelectric drop counter and expressed as milliliters per minute. During constant perfusion with Ringeralbumin solution containing 3% bovine albumin, a bolus (0.2 mL) of a given RBC sample (Hct 30%) was infused at an arterial pressure of 60 mm Hg via an injection port proximal to the arterial cannulation. In the mixture experiments, two given cell classes, one of them labeled with FITC, were mixed in 1:l ratio (each Hct 30%) just before the bolus infusion. Peripheral resistance units (PRU) were determined as describedz3 and expressed in millimeters of Hg per milliliter per minute per gram. PRU = AP/Q, where AP is the arteriovenous pressure difference and Q is the rate of venous outflow (in milliliters per minute) per gram of tissue weight. In each experiment, pressure flow recovery time (Tpf) was determined after the bolus infusion of the samples. Tpf is defined as the time (seconds) required for Pa and Fv to return to their baseline levels after sample For personal use only. on October 3, 2017. by guest www.bloodjournal.org From delivery and provides an estimate of total transit time through the mesocecum vasculature.
Intravital Microscopic Observations and Quantitation of Adhesion
Direct intravital microscopic observations and simultaneous video-recording of the microcirculatory events was performed with an Olympus microscope (model BH-2; Olympus Corp, Lake Success, NY) equipped with a television camera (Cohu, 5000 Series; Cohu, San Diego, CA) and a Sony U-matic video recorder (model V05800; SONY, Teaneck, NJ). The number of adherent SS cells per 1 0 0 pm2 was calculated from the counts of individual adherent cells and the surface area (square micrometers) of the inner wall of the vessel segment as described previously? The number of 100 pmZ areas counted varied from 17 to about 1,100 per venule depending on its length and diameter, and the values were averaged for each venule. However, because of topologic variations, no two venular networks are exactly alike in branching pattern, vessel bending, and vessel length. Therefore, adhesion data for each experimental group were pooled for statistical comparisons. The relative adherence of a given SS cell population in a defined mixture of two cell populations (one of them labeled with FITC) was determined in each venular segment using transillumination and epifluorescence. Adherent SS4 cells were differentiated into ISCs and non-ISCs. ISCs were identified by their axial ratio and elongated elliptocytic morphology, as des~ribed?.'~,*~ Non-ISCs in the dense population consist of dense discocytes and spherocytic cells. 
Statistical Analysis
RESULTS
The Effect of Cell Dehydration
Nystatin-sucrose induced dehydration of density-defined sickle discocytes (SS2) at an osmolarity of 600 mOsmlkg resulted in an increased MCHC level that was not significantly different from that of SS4 native dense cells ( Table  1) . After perfusion, experiments were performed under oxygenated conditions using isotonic media (osmolarity, 295 mOsm/kg) for both perfusion and RBC suspensions.
Hemodynamic Behavior of SS2 Discocytes (Control and Dehydrated) and SS4 Native Dense Cells
In a series of experiments, hemodynamic characteristics of these SS cell populations were compared in the isolated mesocecum vasculature. Infusion of control SS2 discocytes caused a 1.6-fold increase in the peripheral resistance unit (APRU) compared with AA cells (Table 1) . Dehydrated S S 2 discocytes resulted in greater than twofold increase in APRU ( P < .OO01) over control SS2 cells. This increase in PRU was accompanied by a significant delay ( P < .02) in the pressure-flow recovery (Table l) , which indicated an increased vascular resistance to dehydrated cells. On the other hand, the increase in PRU for ISC-rich SS4 native dense population was only 1.3-fold higher compared with that for Table  2 for regression statistics.) dehydrated S S 2 cells (P < .Ol). This shows that PRU for dehydrated discocytes is closer to that for SS4 dense cells than for SS2 control cells. However, SS4 cells resulted in an incomplete recovery of pressure and flow, which is indicative of a persistent microvascular blockage." The microvascular obstruction caused by ISC-rich SS4 fraction was mainly restricted to arteriolar bifurcation points.
Adhesion Characteristics of SS2 Discocytes (Control and Dehydrated) and SS4 Native Dense Cells
In the second category of experiments, adhesivity of these SS cell populations was compared in the isolated preparation under the same flow conditions, using 1:l mixtures of two given cell populations (each Hct 30%) and selective FITClabeling (see Materials and Methods). Relative adherence of a given SS population in a mixture was determined using epifluorescence and transillumination. Infusion of AA cells resulted in minimal or no interaction with the vascular endothelium, as also reported before using human endothelial monoIayer~,'.~~' as well as the rat mesoce~um.~ Control SS2 versus dehydrated SS2 discocytes. In a series of experiments (n = 6), adhesive behavior of dehydrated SS2 discocytes was compared with control SS2 cells using the above approach. APRU and Tpf values for these mixtures were in between those obtained for control SS2 and dehydrated SS2 cell populations ( Table I) . Direct microscopic observations and videotaping revealed that adhesion was confined to venules (Fig 1A and B) . A plot of the untransformed data, using the equation Y = a-', indicated an inverse relationship between the number of adherent cells/ 100 pm2 and the venular diameter (Fig 2) . Linear regression analysis after logarithmic transformation of the data confirmed a strong inverse correlation between all adherent cells and the vessel diameter ( r = -.84, P < .001; Fig 2 [inset] and Table 2 ), and the same pattern was evident for each cell population in the mixture (control SS2: r = -3 3 , P < .001; dehydrated SS2: r = .79, P < .001) (Fig 3A and B, insets) .
Individual plots of the actual data indicated an overall decrease in adhesion of dehydrated S S 2 cells (Fig 3A and B) . Furthermore, differences in Y-intercepts of the regression lines (P < .001) for the two cell populations after data transformation indicated that the decrease in adhesion of dehydrated SS2 cells was especially pronounced in smalldiameter postcapillary venules ( Fig 3C and Table 2) . However, as indicated by unequal slopes of the two lines (P < ,005; Fig 3C and Table 2) , differences between the two SS populations declined with an increase in the diameter.
Differential counts of the two cell populations in the same venules (Fig 1A and B) showed that irrespective of the cell population labeled (Table 3) , control SS2 cells outnumbered dehydrated SS2 cells by almost 2 to 1 margin ( Table 3) . Most adherent SS2 cells had smooth discoid morphology, but a number of irregular shaped SS2 cells, as described by Mohandas and Evans,4 were also seen adhering to the endothelium during shear flow conditions (Fig 1A and B) . The mixture resulted in little or no microvascular obstruction.
SS2 discocytes versus SS4 native dense cells. A similar evaluation of untreated SS2 discocytes and SS4 native dense cells (dense discocytes and ISCs) was performed. Infusion of the 1: 1 mixture resulted in an incomplete recovery of the pressure and flow (Table l) , which is indicative of a persistent microvascular blockage, as reported before.' New to this report is the analysis of adhesive behavior of SS2 control and SS4 dense cells in venules of various diameters. Individual plots of the actual data showed a much reduced adhesion of SS4 dense cells compared with SS2 discocytes (Fig 4A  and B) . Again, adhesion was restricted to venules, and regression analysis of the transformed variables showed a strong inverse correlation between all adherent cells and the vessel diameter (r = -3.5, P < .001; Table 2 ). However, analysis of the transformed data also showed a much lower correlation coefficient for SS4 dense cells (SS2 cells: r = -30, P < .001; SS4 cells: r = .40, P < .03; Fig 4A and   B [insets] and Table 2 ). The regression lines for SS2 and SS4 cells showed significant differences in intercepts and slopes (both P < .OOl) caused by a decreased adhesivity of SS4 cells (Fig 4C and Table 2 ). This showed that, compared with SS4 cells, adhesion of SS2 discocytes increases very significantly with a decrease in the venular diameter, but that adhesion differences between the two cell populations decline with an increase in the diameter (Fig 4C) . Differential counts of the two populations showed that, irrespective of the cell class labeled, SS2 cells outnumbered SS4 dense cells by a ratio of more than 3 to 1 ( Table 3) . Table 1. t Comparisons of regression lines (intercepts and slopes) between groups were performed using the transformed data and the following multiple linear regression model: Y = p. + p,X + pzZ + p3XZ, where X refers to the log of the diameter, 2 is a dummy variable for group, and X2 is the interaction between these ~ariables.2~ The test for parallelism (equal slopes) is HO:p3 = 0, and for intercepts, given equal slopes, is HO:
greater adhesivity of SS2 cells in the presence of SS4 dense cells (Table 3) is probably caused by the higher vascular resistance in the presence of SS4 cells, which would result in an overall sluggish flow and an increased interaction of SS2 cells with the endothelium. In conformity with our earlier findings: most obstructed venules showed a very high concentration of trapped SS4 dense cells.
Dehydrated SS2 discocytes versus SS4 dense cells. Because SS4 dense cells apparently showed a greater decrease in adhesion relative to SS2 discocytes, relative adhesivity of the two high MCHC cell populations (dehydrated SS2 discocytes and SS4 native dense cells) was determined using the same approach. Infusion of the 1:l mixture resulted in a higher PRU ( P < .05) compared with the mixture of SS2 discocytes and SS4 native dense cells (Table 1 ). This was accompanied by an incomplete recovery of the pressure and flow (Table l) , indicating a persistent microvascular blockage. Regression analysis of the transformed data showed a significant correlation between all adherent cells in the mixture and the venular diameter (r = -31, P < .001; Table 2 ). SS4 dense cells in the mixture again showed a lower correlation coefficient (dehydrated SS2 cells: r = -.81, P < .001; SS4 cells: r = -.65, P < .001; Table 2 ).
Furthermore, the regression lines for dehydrated SS2 cells and SS4 dense cells showed significant differences in Yintercepts and slopes (each P < .001). This was caused by a significant decrease in adhesivity of SS4 cells with a decrease in the vessel diameter. However, adhesion differences between the two cell populations decreased with an increase in the venular diameter.
Differential counts of adherent high MCHC cell populations in individual venules showed that, irrespective of the cell population labeled, dehydrated SS2 cells outnumbered SS4 dense cells by a ratio of 1.6 to 1 ( P < .00001; Table   3 ). To differentiate contributions from the morphologic attributes of SS4 dense population, differential counts of ISCs and dense discocytes in the areas of adhesion were performed, SS4 dense cell population was recognizable because of the selective labeling procedure used (Fig 1C and D) . In the two experiments, the percentages of ISCs in SS4 dense cells were 66% (BW) and 72% (JN) ( Table 4) . Of the total adherent SS4 dense cells, non-ISC dense cells (dense discocytes with smooth or irregular contours) were the predominant cells, outnumbering adhering ISCs by a ratio of more than 4 to 1 ( Table 4 ) and demonstrating that adherence of dense cells is greatly influenced by cell morphologic characteristics. Microscopic examination showed blockage of many postcapillary venules, and retrograde involvement of capillaries. Again, most blocked postcapillary venules showed a higher concentration of SS4 dense cells.
The Effect of Cell Rehydration
In separate experiments, both dehydrated SS2 discocytes and SS4 native dense cells obtained from the same patient (JM) were subjected to controlled rehydration (see Materials and Methods) to normalize their MCHC to about 35 to 36 g/dL (Table 5 ). Rehydration of both high MCHC populations resulted in a pronounced improvement in their hemodynamic behavior, as evidenced by PRU values that were closer to that for control SS2 cells than for dehydrated cells (Table  5) . In each case, there was a complete recovery of the pres- Table 2 for regression statistics.
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In the remainder, the other cell population in the mixture was labeled selectively.
Hemodynamic characteristics of these mixtures are presented in Table I. * P < .00001 compared with SS2 control.
5 P -= .00001 compared with SS2 dehydrated.
sure and flow to the baseline, indicating no persistent vessel blockage. When a mixture of rehydrated high MCHC SS2 discocytes and dehydrated SS2 cells (1: 1 ratio, using selective fluorescent labeling) was infused, both PRU and Tpf showed intermediate values compared with the two individual cell populations. Adhesion was confined to venules and logarithmic transformation of the data showed a strong inverse correlation between adherent cells and the venular diameter (I = -.97, P < .001). Differential counts of adherent cells showed an almost threefold increase in adhesion of rehydrated high MCHC SS2 discocytes over dehydrated SS2 cells (P < .OOO1; Table 6 ), which demonstrated a complete reversal of the effect of dehydration on these cells. In experiments in which rehydrated ISC-rich SS4 cells were mixed with control SS2 discocytes in equal proportion using selective labeling and infused, the resulting PRU was intermediate between those obtained for the two cell populations, and there was greater than 95% recovery of the pressure and flow (Table 5) . Adhesion again showed the same pattern of inverse correlation with the venular diameter after regression analysis of the transformed data (I = -.88, P < .OM).
Furthermore, there was no significant difference in the percent relative adhesivity of the two cell populations ( Table  6 ), indicating that SS4 cells are almost equally capable of adhesion when rehydrated. Adherent, rehydrated ISC could be distinguished by their plump morphologic appearance retaining a distinct biconcavity (Fig 1E and F) .
DISCUSSION
The results presented here provide the first experimental evidence that hemodynamic and adhesive properties of SS 301 3 cells are critically influenced by changes in cell density (MCHC). In particular, adhesive behavior of both light density S S 2 discocytes (the predominant component of sickle blood) and SS4 native dense cell class can be distinctly reversed by controlled cell dehydrationhehydration using a Nystatin-sucrose procedure. In addition, these studies show distinct effects of cell shape (eg, ISC) in adhesive and obstructive phenomena.
The observed increase in PRU for dehydrated SS2 discocytes is in accordance with the reported adverse effect of MCHC increase on the def~rmability".~~ and hemodynamic behavior" of SS cell populations. However, these dehydrated discocytes, in contrast to ISC-rich SS4 native dense class, did not result in a persistent microvascular blockage, whether infused alone or when mixed with control SS2 discocytes. These findings show distinct hemodynamic effects of the two high MCHC populations with different cell morphologic attributes. In addition to impaired hemodynamic behavior, Nystatin-sucrose dehydration of SS2 discocytes caused a significant decrease in adhesivity of these cells when compared with control S S 2 cells. The decrease in adhesion was especially pronounced in slow flowing, small-diameter postcapillary venules. Thus, an increased rigidity of dehydrated cells could be an important factor in preventing sufficient surface contacts with the endothelium. On the other hand, ISC-rich SS4 dense cells were least adhesive compared with other cell populations, mainly because of their greatly reduced adhesion in small-diameter postcapillary venules, suggesting that both density and cell shape factor (eg, ISC) play a role in adhesion.
Rehydration experiments provide a direct support to the hypothesis that cell density, as determined by MCHC, is crucial for adhesive contacts. Rehydration of Nystatin-sucrose dehydrated SS2 discocytes almost completely restored their hemodynamic and adhesive properties similar to that of control SS2 cells. This finding further demonstrates that cell dehydrationhehydration procedure affects cell density, but probably not membrane surface characteristics of these cells. Of significance was the effect of rehydration on ISCrich SS4 cell class. The shape peculiarities of ISCs are associated with plastic deformation of the RBC membrane involving spectrin abnormality, which could permanently stabilize their abnormal shape in vivo. 27 The results show that rehydration of ISCs does not reverse their overall shape characteristics, although they tend to become plump and retain a distinct biconcavity, as also reported previously." Nevertheless, rehydration of ISCs has been shown to significantly improve their deformability." In the present study, rehydration not only improved the hemodynamic behavior of ISC-rich SS4 native dense population, but also resulted in almost total reversal of their adhesive behavior. Thus, both light-density SS2 discocytes and SS4 dense cells have similar adhesion potential, but differences in cell density critically affect their adhesion to the endothelium under flow conditions. These findings also suggest that the enhanced adhesion of dense SS cells, as reported in some previous s t~d i e s , '~, '~ could be caused by the use of an incubation period, which might allow sufficient contact sites with the endothelial monolayer under static conditions. (C) A comparison of linear regression lines for SS2 cells (t) and SS4 native dense cells (--e--) confirms significant differences in intercepts and unequal slopes, demonstrating a highly significant decrease in SS4 cell adheaion with a decrease in the vessel diameter. See Table 2 for regression statistics.
For personal use only. on October 3, 2017. by guest www.bloodjournal.org From Adhesion was invariably confined to venules and showed a strong inverse correlation with the vessel diameter (Figs 2, 3, and 4), which is in conformity with our earlier observations? This reflects the influence of arteriovenous wall shear rate profiles in the microcirculation, which are highest in arterioles but decrease steeply as RBCs traverse from capillaries to the immediate postcapillary venules before increasing again in the large-diameter venule^.^^^^^ The total absence of adhesion in arterioles may be caused by prevailing high wall shear rates, but possible differences in endothelial characteristics and adhesion receptors on the arteriolar side cannot be ruled out.
The results also demonstrate distinct contributions of the morphologic attributes of SS cells in adhesive and obstructive events. We find that, under the same flow conditions, SS4 native dense cells are least adherent when compared with other cell populations. This behavior of SS4 cells is probably determined by the predominant presence of ISCs (66% to 72%) in this fraction. Morphologic analysis of SS4 cells in the areas of adhesion showed that ISCs comprised less than 25% of all adherent SS4 cells. This demonstrates that, in addition to high MCHC, shape peculiarities of ISCs further prevent an effective interaction with the endothelial cell surface, and that most adherent SS4 cells have a discocytic morphology. In light of recent studies indicating that at least a subpopulation of ISCs may be derived directly from reticulocyte^,^^^^^ adhering ISCs could be mainly from this subpopulation, which might retain multiple adhesion receptors, as reported for reticulocyte^.^^^^^ Nevertheless, the mixture experiments show that ISCs, because of their morphologic attributes, have a predominant role in postcapillary obstruction. Little or no such obstruction is observed when mixtures of control SS2 and dehydrated SS2 discocytes are infused. Also, as shown b e f~r e ,~ SS reticulocytes, although more adherent, do not result in microvascular blockage in the absence of ISCs. Thus, the trapping in the oxygenated condition involves morphologically deformed ISCs. Our earlier studies involving analysis of cells eluted in venous effluents have shown that an increased trapping of dense discocytes occurs only after deoxygenation, mainly in precapillary and capillary vessels, but that ISCs are equally capable of sequestration in both oxy and deoxy conditions.m However, an improved deformability of ISCs after rehydration abolishes the observed obstructive behavior of these cells.
We have previously proposed a model for sickle cell vasoocclusion in which an increased adhesion of light-density SS cells in the immediate postcapillary venules is followed by a narrowing of the effective luminal diameter and a further decrease in RBC velocities, resulting in selective trapping of SS4 dense cells and vessel obstructi~n.~~'~ However, in that study, contributions from the morphologic types of SS4 dense cells were not differentiated. The present findings demonstrate that the postcapillary obstruction is, in fact, caused by selective trapping of ISCs in the areas of adhesion. However, when ISC-rich SS4 dense cell population is infused alone, the resulting obstruction involves mainly arteriolar bifurcation points, but not the postcapillary venules. Also, the ISC-induced precapillary obstruction is random and site of its occurrence cannot be predicted when unseparated SS cells or defined mixtures are
The present observations also indicate that the reported decrease in SS dense cells from the peripheral circulation during the painful after adhesion of deformable SS cells to the vascular endothelium.
Recent investigations have shown that at least two endothelial receptors participate in adhesion of SS cells. Whereas extra-large molecular weight forms of endothelial von Willebrand factor (vWF) are predominantly involved in SS cell interactions with human endothelial monolayers,3' as well as with the venular endothelium in the rat rneso~ecum,~~ SS reticulocyte adhesion may also be mediated by endothelial crisis35.36 could mainly involve selective trapping of ISCs 
Incomplete recovery
These experiments were performed with SS2 discocytes and SS4 native dense cells obtained from the same SS patient (JM). Dehydration of SS2 discocytes was performed as before ( Table 1) . Rehydration of high MCHC (dehydrated) discocytes and SS4 dense cells was carried out as described in Materials and Methods. All infusions were made using isotonic media (295 mOsmkg) for both perfusion and red cell suspensions. in experiments using defined mixtures, one cell population was selectivelyfluorescent labeled and mixed with a given cell population in 1:l ratio, as indicated in parentheses.
* Percent increase in PRU overthecontrol Ringer-albumin baseline. t Pressure-flow recovery time to the baseline.
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thrombospondin (TSP) and RBC glycoprotein IV (GPIV or CD36) m o l e~u l e .~~~~~
The present study shows that, during shear flow conditions, the interaction of adhesion molecules is critically influenced by changes in cell density. Also, ISCrich native dense cells, but not dehydrated SS2 discocytes, are preferentially trapped in the areas of adhesion, suggesting a specific involvement of ISCs in vasoocclusion in smalldiameter postcapillary venules. Thus, with the use of the ex vivo mesocecum preparation and controlled modifications of cell density, these studies dissect specific roles of vascular topographic and cell density and shape factors in adhesive and obstructive events.
In conclusion, an increased adhesion of deformable SS cells in the immediate postcapillary venules, which are a part of the exchange vessels and also the site of maximal adhesion, will have pathophysiologic consequences. It has been suggested that, in the steady state, most cells do not sickle in vivo because the delay time of the hemoglobin S polymerization is generally longer than the RBC capillary transit time (-1 se~ond).~',~' Increased postcapillary adhesion of SS RBCs is one mechanism that could prolong RBC transit time in the microcirculation and thereby provide a greater opportunity for hemoglobin S polymerization. Also, because a percentage of dense SS cells is likely to contain residual polymers at the arterial oxygen tension,42 a prolonged RBC transit time would induce a rapid polymer growth in these cells. Thus, adhesion of deformable SS cells in postcapillary venules may act as a potential trigger in disruption of the steady state of flow by promoting trapping of morphologically abnormal SS cells, as well as by affecting RBC transit times and rates of polymerization in the microcirculation.
